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UNCLftSS'BED 


ABSTRACT 


Heat  transfer  rates  and  pressure  distributions  on  three  basic  shapes 
were  investigated  at  a  nominal  Mach  number  of  8  and  free-stream  Reyn¬ 
olds  numbers  from  0. 43  to  3.  4  milXiou  per  foot.  The  models  were  a 
0.  4-bi.  nose  radius,  spherically  blunted,  15-deg  half-angle  cone;  two 
flat  plate  models  with  0. 10-in.  and  0.  50-in.  cylindrical  blunting;  and  a 
modified  leading-edge  plate  with  auxiliary  planes  to  produce  changing 
body  shape  within  the  elliptic  flow  region.  The  tests  produced  data 
showing  the  effect  on  heat  transfer  rates  of  the  interaction  of  the  essen¬ 
tially  inviscid,  rotational  flow  behind  the  bow  shock  with  the  viscous 
boundary  layer  on  the  body.  The  results  ef  pressure  dlstrlbr.tlon  testa 
show  good  agreement  with  theory.  Heat  transfer  rates  over  the  entire 
body  were  accurately  predicted  through  the  use  of  outer-edge  boundary- 
layer  conditions  obtained  from  isentroplc  expansion  from  normal- shock 
stagnation  conditions. 
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NOMENCLATURE 


b  Model  skin  thickness 

c  Model  material  specific  heat 

c  Specific  heat  of  air  at  stagnation  conditions 

Po  Q  n 

h  Enthalpy  -  based  heat  transfer  coefficient,  ■ 

*o  ”  V 


M 

Nu 


P' 

0 

aero 

r 


Enthalpy  of  air  at  model  surface  temperature 

Enthalpy  of  air  at  stagnation  conditions 

Thermal  conductivity  of  air  at  boundary-layer 
outer-edge  conditions 

Wind  tunnel  free-stream  Mach  number 

ha 

Nusselt  number,  Nu  =  ^ —  or  — 

Model  surface  pressure 

Stagnation  pressure  behind  the  normal  shock 
Wind  t\mnel  stagnation  pressure 

Aerodynamic  heat-flow  rate  per  unit  area  per  unit  time 
Nose  radius 


Re  Reynolds  number,  or 

r  0  “6 

Re»  Free-stream  Reynolds  number 

s  Distance  along  wetted  eur>'a '.e  of  model,  measured  from 

zero  angle-of-attack  stagna»ion  point 

s  A  Distance  along  blunted*  -"one  surface  measured  from  the 

virtual  apex  of  the  cone 

t  Time 

T^  Wind  tunnel  stagnation  temperature 

T  Model  surface  temperature 


w  Model  material  specific  weight 

a  Angle  of  attack 

6  Radial  angle  measured  from  axis  of  synunetry 

Viscosity  of  air  at  boundary-layer  outer-edge  conditions 

Density  of  air  at  boundary-layer  outer-edge  conditions 

'\ 
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INTRODUCTION 


At  the  request  of  Wright  Air  Development  Division,  pressure  distri¬ 
bution  and  heat  transfer  tests  of  several  basic  aerodynamic  shapes  were 
conducted  for  General  Applied  Science  Laboratories,  Inc. ,  at  a  nominal 
Mach  number  of  8  and  free-stream  Reynolds  numbers  from  0.  43  x  10®  to 
3.  4  X  10°  per  foot.  The  tests  were  performed  in  Tunnel  B  of  the  von 
Karman  Gas  Dynamics  Facility,  Arnold  Engineering  Development  Center 
(VKF-AEDC),  December  10-18,  1959.  The  angle -of -attack  range  investi¬ 
gated  was  -15  to  +60  deg.  Shadowgraphs  were  takeii  of  each  model  at  each 
angle  of  attack  at  which  other  data  were  taken. 

The  purpose  of  this  test  was  to  provide  experimental  data  at  Mach  8 
in  support  of  analytical  investigations  being  conducted  by  General  Applied 
Science  Laboratories  for  Wright  Air  Development  Division.  Representative 
results  of  the  tests  are  presented  herein. 

\ 

APPARATUS 


WIND  TUNNEL 

Tunnel  B'is^an  axlsymmetrlc,  continuous-fJow,  variable -density, 
hypersonic  wind  tunnel  with  a  50  -ln.  -dlam  test  section.  Escauce  cf 
changes  in  boundary-layer  thickness  due  to  changing  presnr.rc  love],  tliH! 
Mach  8  contoured  nozzle  produces  an  average  test  section  Mach  number 
which  varies  from  8.  00  at  a  stagnation  pressure  of  100  psla  to  8.  09  at 
800  psla.  The  centerline  flow  distribution  is  imiform  within  about  ±  1  per¬ 
cent  In  Mach  number,  whereas  off-center  the  flow  is  uniform  to  about 
±0.  3  percent.  There  is  a  slight  axial  gradient  on  the  order  of  0.  01  Mach 
number  per  foot. 

Details  of  Tunnel  B  and  associated  equipment  are  shown  in  Fig.  1. 

The  hydraulically  driven  angle -of -attack  sector  pitches  the  model  in  a 
vertical  plane  from  -15  to  +15  deg  witJv  a  straight  sting  and  from  -15  to 
+60  deg  with  a  set  of  adapters  supplied  by  General  Applied  Science  Labo¬ 
ratories.  The  remotely  controlled,  water-cooled,  roll  mechanism  Is 
electrically  driven  and  is  capable  of  rotating  the  model- sting  combination 
from  -165-tor-+180  deg. 

Stagnation  pressures  up  to  approximately  800  psla  are  supplied  to 
Timnel  B  by  the  VKF  Compressor  Plant.  The  air  Is  selectively  valved 
tlurough  the  Compressor  Plant,  the  high-pressure  driers,  and  the  propane- 
fired  heater.  The  heater  produces  a  maximum  air  temperature  of  900®P, 
sufficient  to  prevent  liquefaction  of  the  air  in  the  test  section.  From  the 
heater,  the  air  flows  through  the  nozzle,  the  diffuser,  the  cooler,  and 
back  into  the  compressor  system. 


Manuscript  released  by  authors  April  1960. 
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COOLING  SHOES 

Between  data  runs  in  the  heat  transfer  phase,  the  model  was  enclosed 
in  cooling  shoes  into  which  cold  air  was  introduced  to  cool  the  model. 
These  shoes  (split  in  the  vertical  plane)  were  retracted  to  the  tunnel  walls 
for  taking  heat^ransfer  data.  The  hydraulically  actuated  cooling- shoe 
mechanisms  were  mounted  in  place  of  the  windows  as  shown  in  Fig.  2. 

The  cooling  shoes  were  of  sufficient  cavity  size  to  allow  pitching  ^1 
models  to  the  test  angle  of  attack  prior  to  opening  the  shoes  (Fig.  3). 


MODELS  AND  SUPPORT 

The  models  were  of  three  shapes:  a  0.  40-in.  radius,  spherically 
blunted,  15-deg  half-angle  cone  (Fig.  4),  two  cylindrically  blunted  flat 
plates  of  0. 10-in.  and  0.  50-in.  nose  radius  (Figs.  5  and  6),  and  a  0.  50-in. 
radius  cylindrically  blunted,  modified  leading-edge  flat  plate  (Fig.  7). 

The  models  were  fabricated  of  type  304  stainless  steel.  Three  adapters, 
split  on  the  vertical  center  plane  (Fig.  8),  were  provided  to  allow  change 
of  the  angle -of-attack  range  of  the  tests  without  ^sassembly  of  the  model 
setup. 

The  cone  model  for  pressure  testing  was  supplied  with  fifty-four 
static  pressure  tape  arranged  on  rays  along  the  conical  surface.  The 
cone  used  for  heat  transfer  testing  was  provided  with  fifty-four,  No.  30 
gage,  chromel-alumel  thcrmocouplee  located  in  the  came  positions  as 
the  respective  pressure  taps  on  the  pressure  cone.  The  skin  thickness 
of  the  pressure  cone  was  0.  250  in.  thick,  whereas  the  heat  transfer  cone 
thickness  was  0.  050  in. 

The  flat  plate  models,  including  the  modified  leading-edge  model, 
were  of  0. 19-in.  thick  plate  construction  with  the  thermocouple-instrumented 
strip  milled  to  0.  050-ln.  thickness  (Fig.  9).  The  0.  10-in.  nose  radius 
plate  was  equipped  with  thirty-eight  thermocouples  and  forty  pressure 
taps.  The  0.  50-ln.  nose  radius  plate  contained  fifty-one  thermocouples 
and  fifty* five  pressure  taps,  and  the  modified  leading-edge  plate  was 
provided  with  thirty-two  thermocouples  and  thirty-two  pressure  tape. 

The  thermocouples  were  installed  using  the  method  of  Ref.  1.  In 
this  method,  a  hole  of  0.  040- in.  dlam  is  drilled  through  the  model  skin 
at  the  desired  jimction  location.  The  outer  insulation  is  stripped  from 
the  thermocouple  lead,  and  the  two  wires,  with  their  secondary  insulation 
Intact,  are  drawn  through  the  drilled  hole.  A  flat-faced,  tapered  pin  of 
the  same  material  as  the  model  skin  is  driven  into  the  hole  until  the  resist¬ 
ance  of  the  two  wires  reads  substantially  the  same  as  though  the  two  wires 
had  been  touched  together  at  the  model.  The  pin  is  sheared  at  the  Inside 
and  outside  model  surfaces  and  the  pin  thickness  is  measured.  The 
Junction  must  show  quick  response  to  a  touch  of  a  hot  iron,  or  the  assembly 
is  knocked  out  and  a  new  Junction  is  formed. 
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The  models  were  supported  In  the  tunnel  on  a  straight  uiicooled  sting. 
The  conversion  from  -15  to  +15-deg  angle  of  attack  to  other  angle-of- 
attack  ranges  was  accomplished  by  the  GASL-supplied  adapters  (Fig.  10). 
Figure  11  shows  the  model  instrumented  regions. 


INSTRUMENTATION 


Prattur*  Dittributlen  Phot* 

The  model  pressures  were  measured  with  nine  Wiancko  pressure 
transducers,  rated  at  5  psid  and  selectively  connected  to  three  independ¬ 
ently  variable  reference  pressure  systems.  The  three  reference  systems 
were  constantly  monitored  by  CEC  Electromanometers  with  1,  5,  and 
15  psid  capacities.  An  essentially  zero  pressure  system  was  used  on 
the  reference  side  of  the  Electromanometer s. 

The  pressure  side  of  each  Wiancko  transducer  was  inserted  into  the 
outlet  of-a  Glatnnlni  12-position  rotary  valve.  Reference  pressure  was 
connected  to  the  first  valve  inlet  position  to  obtain  the  instrument  zero. 
Various  model  pressure  taps  were  connected  in  the  desired  order  to  the 
required  number  of  the  remaining  eleven  valve  Inlets.  The  transducer 
outputs  were  measured  with  Leeds  and  Northrup  self-balancing,  millivolt 
potentiometers  equipped  with  Coleman  digital  read-out  unite.  The  potenti¬ 
ometer  readings  were  punched  on  paper  tapes  by  a  high-speed  punch. 

Haul  TrontUr  Phot* 

The  reference  junction  of  each  thermocouple  was  maintained  at 
32®F.  Each  thermocouple  output  was  recorded  in  digital  form  on  mag¬ 
netic  tape  at  a  rate  of  four  times  per  second  by  means  of  a  Consolidated 
Electro-dynamics  Corporation  Millisadic  analog-to-digital  converter. 

To  monitor  the  temperatures  at  selected  points  on  the  models,  six  of  the 
thermocouplejoutputs  were  observed  prior  to  the  data  run  on  0.  25  sec 
(full-sCale  travel)  Brown  servo-po+entiometers, 

G*n*ral 

The  tunnel  stagnation  pressure  and  temperature  were  measured  in 
the  stilling  chamber.  A  1000-psid  transducer,  referenced  to  atmosphere, 
and  a  chromel-alumel  thermocouple  were  used  for  the  measurement.  A 
conventional,  short-range,  divergent- ray,  spark  shadowgraph  system  was 
used  to  record  selected  flow  patterns  about  the  model. 


PROCEDURE 


TEST  PROCEDURE 

The  heat  transfer  cone  and  the  three  heat  transfer  pressure  distri¬ 
bution  plate  models  were  pitched  to  the  test  angle  of  attack  and  cooled 
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vintil  a  nearly  ilfllJorm  surface  temperature  of  500*R  was  obtained.  The 
cooling  air  supply  was  then  shut  off,  and  the  cooling  shoes  were  with¬ 
drawn  to  the  tuimel  sidewalls.  Approximately  0. 4  sec  was  required  to 
move  the  cooling  shoes  sufficiently  far  from  the  model  so  that  no  flow 
disturbance  impinged  on  the  model.  In  the  case  of  the  hec.!  transfer  cone, 
20  sec  of  temperature -time  data  were  recorded,  the  cooling  shoes  were 
replaced  over  the  model,  and  the  cycle  repeated. 

Pressure  measurement  was  begun  on  the  flat  plate  models  after  the 
instruments  stabilized,  and  about  five  minutes  of  model  exposure  to  the 
airstream  were  required  to  complete  them.  During  this  time  the  temper¬ 
ature  measurement  continued. 


The  cone  pressure  model  was  tested  with  the  cooling  shoes  removed 
from  the  tunnel  and  with  the  flow  observation  windows  in  place.  Pressure 
measurement  required  about  five  minutes  at  each  test  condition.  Shadow¬ 
graph  photographs  were  taken  during  these  runs. 

The  test  conditions  for  each  model  were: 


1. 


2. 


3. 


4. 


0.  40-ln. 
models 


radius,  spherically  blunted,  15-deg  half-angle  cone 


0-20 
20  -  30 
30  -  40 
0-15 

0.  50-in. 
a 

0-20 
20  -  30 

0.  50-lnr 

a 

-15  -  46 
10  -  30 


2.5 

5 

10 

5 

nose  radius  model 

Increment  of  a 

2.5 

5 


a 

Increment  of  or 

Re«  /ft  X  10'® 

0-20 

2.5 

0.43,  t  o,  2.^ 

20  -  30 

5 

0.43,  1.0,  2.6 

30  -  50 

10 

2.6 

0. 10-ln.  nose  radius  model 

a 

Increment  of  or 

Re«  /  ft  X  10'® 

0.43,  1.0,  2.0 
0.43,  1.0,  2.0 
0.43 


3.4 


Re«>  /  ft  X  10"^ 

0.43,  1.0,  2.0 
0.43,  1.0,  2.0 


nose  radius,  modified  leading-edge  model 

Increment  of  a  Re»/  ft  x  10“® 


3 

5 


2.0 

2.0 
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DATA  REDUCTION  PROCEDURE 


The  ratio  p/p'  was  calculated  using  the  measured  pressure  p  and  a 
value  of  p'  obtained  from  the  expression 


The  values  of  M  used  in  the  data  reduction  were: 


Rem  /  ft  M 


0.  43  X  106  8.  00 

l.OOx.lO®  8.03 

2.  00  X  10°  8.  08 

2.60x10°  8.08 

3.40x10°  8.09 


The  value  of  p^  used  was  that  measured  at  the  same  time  the  model 
static  pressure  was  measured. 

The  heat  transfer  data  were  reduced  using  the  equation 


dT 


^aero 


wbc 


w 


dt 


were  obtained  by 


_  dT 

All  losses  were  Ignored.  Two  values  of  T^  and 

fitting  parabolas  by  the  method  of  least  squares  to  the  nine  data  points 
centered  at  times  one  and  five  seconds  after  the  cooling  shoes  were 
against  the  tunnel  wall.  A  heat  transfer  coefficient  based  on  enthalpy  was 
c^culated  using  the  following  formula: 

^aero^p 


ir=T 


w 


The  thermodynamic  properties  of  air  used  are  those  of  Table  A-3  of 
Ref.  2. 

The  Nusselt  number  was  calculated  using  the  relation 
Nu 

for  the  flat -plate  models  and 


for  the  blunted  cone  model. 
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The  Reynolds  numbers  calcxilated  were 


Re  = 


P6  Vfi  s 
'^6 


for  the  flat-plate  models  and 

P6  Vfi  SA 


for  the  blunted  cone  model. 

The  air  properties  used  to  calculate  these  values  were  taken  from 
Table  A-4  of  Ref.  3.  The  ftmctions  of  M  were  obtained  from  Ref.  8. 


RELIABILITY  OF  DATA 


The  reliability  of  the  pressure  measurement  varied  with  region  of 
the  model  and  with  tunnel  stagnation  pressure  level.  This  reliability  is: 


Re,  /ft 


Region  of  Model  Percent  Error  In  p/p* 


0.43  X  10® 
2.60  X  10® 
0.  43  X  10® 
3.40  X  10® 


Stagnation 
Stagnation 
Prom  Shoulder  Aft 
From  Shoulder  Aft 


±  6.  C  max 
±  3.  0  may 
±5.0  max 
±1.5  max 


The  measurement  of  heat  transfer  in  the  stagnation  region  of  the 
models  was  unsatisfactory  because  of  high  conduction  losses  associated 

with  the  small  nose  radii.  In  the  range  of  Nu/ Vile  from  0.  5  to  0. 1 
found  to  exist  over  the  major  portion  of  the  models,  the  repeatability 

of  Nu/VRe  was  from  0. 10  to  0.  03,  respeo'^ively,  for  the  data  presented. 


RESULTS  AND  DISCUSSION 


BLUNTED  CONE 

In  Fig.  12,  the  axial  pressure  distribution  on  the  blunted  cone  Is 
shown  for  several  angles  of  attack.  At  small  angles  of  attack  the  sur¬ 
face  pressure  Is  predicted  most  accurately  by  the  equivalent  cone  method 
(Ref.  4).  For  large  angles  of  attack,  the  modified  Newtonian  value  Is 
more  accurate.  The  peripheral  pressure  distribution  Is  given  for  several 
angles  of  attack  In  Fig.  13,  with  the  experimental  fit  method  of  Zakkay 
(Ref.  5)  applied  to  the  data.  The  computed  variation  fits  the  experimental 
variation  fairly  well. 
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The  variation  with  s/r  of  Nu/VRe  is  shown  in  Fig.  14  for  zero  angle 
of  attack.  Comparison  is  made  with  the  theoretical  variation  of  this 
parameter,  obtained  using  Lees*  method  (Ref.  6),  with  the  boundary-layer 
outer-edge  conditions  behind  the  shoulder  calculated  using  normal-shock 
stagnation  conditions  with  the  measured  surface  pressures  and  the  stag¬ 
nation  point  value  of  Fay  and  Riddell  (Ref.  7).  The  values  from  experiment 
and  those  given  by  theory  agree  closely  and  Indicate  that  the  normal-shock- 
affected  s^eamlines  cover  the  viscous  layer  for  all  Reynolds  numbers  at 
which  tests  were  conducted. 

I 

[ 

FLAT  PLATES 

The  pressure  distribution  on  both  flat  plates  (Fig.  15)  tends  toward 
the  wedge  value  given  in  Ref.  8.  In  the  stagnation  region  of  the  0.  50-in. 
nose  radius  plate,  the  numerical  solution  of  Van  Dyke  (Ref.  9)  calculated 
for  M  tending  to  infinity  agrees  closely  with  the  experimental  pressure 
1  data.  Beyond  the  limit  of  the  numerical  solution,  a  combination  of 

modified-Newtonian  and  Prandtl-Meyer  expansion  is  shown.  This  method 
I  (Ref.  10)  gives  results  which  are  lower  than  experiment. 

The  pressure  distribution  in  the  leading-edge  region  of  the  modified 
leading-edge  model  (Fig.  16)  shows  a  marked  change  with  location  of  the 
I  sonic  polntST-— For  the  angles  of  attack  for  which  both  sonic  points  are  on 

the  cylinder  (-12  deg,  -6  deg),  the  pressure  distribution  agrees  with  that 
I  given  by  theory  for  a  circular  cylinder.  For  angles  of  attack  of  0  deg  and 

I  above,  the  experimental  pressure  distribution  shows  a  slower  change  in 

,  '  pressure  with  distance  along  tho  surface.  TMc  is  in  agrcument  with  the 

results  presented  in  Ref.  1 1  for  a  similar  configuration  tested  at  Mach  6 
I  and  is  the  result  of  the  movement  of  one  sonic  point  onto  the  plane  tangent 

to  the  cylinder  near  the  zero  angle -of- attack  body  sonic  point. 

I  Values  of  the  heat  transfer  parameter,  Nu/V^,  are  presented  in 

Fig.  17  for  the  cylindrically  blunted  flat  plate  models.  The  theoretical 
I  distributions  were  calculated  using  Lees'  theory  (Ref.  6).  The  boundary- 

;  layer  outer-edge  conditions  used  were  free- stream  conditions  and  local 

conditions  based  on  measured  static  p/«ssure  and  stagnation  pressure 
behind  a  normal  shock.  The  results  show  that  the  normal-shock-affected 
streamlines  cover  the  boundary  layer  and  that  the  assumption  that  the 
boundary-layer  outer-edge  flow  expands  isentropically  from  stagnation 
I  point  conditions  gives  good  accuracy  for  heat  transfer  rate  prediction. 

>  Stagnation  point  heating  rates  are  not  given  for  the  models  because  con- 

I  '  duction  losses  made  the  data  in  this  region  inconclusive. 


CONCLUSIONS 


Within  the  range  of  free- stream  conditions  of  this  test,  the  following 
conclusions  may  be  drawn: 

1.  The  * 'experimental  fit"  method  of  Zakkay  accurately  predicts 
the  pressure  distribution  on  blunted  cones  at  angle  of  attack. 
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2.  The  "modified  Newtorlan"  press^xre  distribution  for  cones  at 
angle  of  attack  increases  fa  accuracy  with  increasing  angle 
of  attack. 

3.  The  "equivalent  cone"  pressure  distribution  increases  in  accuracy 
as  the  angle  of  attack  is  reduced  toward  zero. 

4.  The  pressure  distribution  on  a  cyllxKlrical  nose  is  given  accurately 
by  the  M  ■  •  solution  of  Van  Dyke.  This  is  in  agreement  with  the 
theory  that  stagnation  region  pressure  distributions  on  spheres  and 
cylinders  change  very  ll^e  above  M  of  about  2  to  3. 

5.  .  The  shape  of  the  body  between  the  sonic  points  has  a  marked  effect 

on  the  pressure  distribution  in  this  region. 

6.  For  M  ■  8  and  Reynolds  number  based  on  free-stream  conditions 
and  body  nose  radius  greater  than  about  4000,  the  use  of  normal- 
shock  stagnation  pressure  with  local  static  pressure  to  calculate 
boundary-layer  outer-edge  conditions  yields  accurate  heat 
transfer  rstes  for  ratios  of  length  to  nose  radius  up  to  100. 
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Fig.  9  0.50-in.  Nose  Radius  Flat  Plate  Model  Instrumentation 
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